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osaroxin is an anti-cancer quinolone-derived DNA topoisomerase II inhibitor. We investigated vosaroxin with decitabine in patients ≥60 years of age with newly diagnosed acute myeloid leukemia (n=58) or myelodysplastic syndrome (≥10% blasts) (n=7) in a phase II non-randomized trial. The initial 22 patients received vosaroxin 90 mg/m 2 on days 1 and 4 with decitabine 20 mg/m 2 on days 1-5 every 4-6 weeks for up to seven cycles. Due to a high incidence of mucositis the subsequent 43 patients were given vosaroxin 70 mg/m 2 on days 1 and 4. These 65 patients, with a median age of 69 years (range, 60-78), some of whom with secondary leukemia (22%), adverse karyotype (35%), or TP53 mutation (20%), are evaluable. The overall response rate was 74% including complete remission in 31 (48%), complete remission with incomplete platelet recovery in 11 (17%), and complete remission with incomplete count recovery in six (9%). The median number of cycles to response was one (range, [1] [2] [3] [4] . Grade 3/4 mucositis was noted in 17% of all patients. The 70 mg/m 2 induction dose of vosaroxin was associated with similar rates of overall response (74% versus 73%) and complete remission (51% versus 41%, P=0.44), reduced incidence of mucositis (30% versus 59%, P=0.02), reduced 8-week mortality (9% versus 23%; P=0. 14) , and improved median overall survival (14.6 months versus 5.5 months, P=0.007). Minimal residual disease-negative status by multiparametric flow-cytometry at response (± 3 months) was achieved in 21 of 39 (54%) evaluable responders and was associated with better median overall survival (34.0 months versus 8.3 months, P=0.023). In conclusion, the combination of vosaroxin with decitabine is effective and well tolerated at a dose of 70 mg/m 2 and warrants randomized prospective evaluation. ClinicalTrials.gov: NCT01893320
Vosaroxin in combination with decitabine in newly diagnosed older patients with acute myeloid leukemia or high-risk myelodysplastic syndrome Naval Daver, 1 Hagop Kantarjian, 1 Guillermo Garcia-Manero 1 , Elias Jabbour, tors' choice of treatment (including low-dose cytarabine or best supportive care) in 485 older patients with AML (median age 73 years) who were ineligible for cytotoxic chemotherapy (17.8% versus 7.8%, P=0.001) 7 and improved survival with decitabine, leading to the approval of decitabine for the treatment of AML in the elderly in Europe. 7, 8 Vosaroxin is a non-anthracycline anticancer quinolonederivative that intercalates DNA and inhibits topoisomerase II, causing site-selective DNA breaks, G2 arrest, and apoptosis. 9 Vosaroxin is not a substrate of P-glycoprotein-mediated efflux and can induce apoptosis independently of P53 function. [9] [10] [11] In a phase II dose regimen optimization study in patients with previously untreated, unfavorable prognosis AML ≥60 years of age, single-agent vosaroxin resulted in a CR/CRp rate of 32%, a 30-day mortality of 12%, and a median survival of 7.0 months. 12 The 72 mg/m 2 days 1 and 4 and 90 mg/m 2 day 1 and 4 schedules of single-agent vosaroxin were well tolerated with the highest CR/CRp rates. The pivotal phase III, randomized, controlled, double-blind, multinational clinical study of the efficacy and safety of vosaroxin and cytarabine versus placebo and cytarabine in patients with first relapsed or refractory AML (VALOR) (n=711) demonstrated that vosaroxin in combination with intermediate-dose cytarabine produced a significantly superior remission rate (30% versus 16%; P<0.0001) and improved overall survival (OS) with equivalent 60-day mortality as that following cytarabine alone. 13 The overall survival benefit with the combinations was most prominent in patients older than 60 years (7.1 months versus 5.0 months, P=0.003).
The non-confluent safety profile of vosaroxin and decitabine, their non-overlapping molecular mechanisms of action, and the encouraging data with vosaroxin alone, and vosaroxin in combination with cytarabine in the older AML population lent support to this phase II trial of vosaroxin with decitabine in untreated elderly patients (≥60 years) with AML or high-risk myelodysplastic syndrome (MDS) unsuitable for intensive induction. This study was designed to assess whether the addition of vosaroxin to decitabine can improve response rates and OS compared to established outcomes with decitabine alone while maintaining an acceptable safety profile. The decitabine dose and schedule were those used in AML registration studies in the USA and Europe 7 and in published phase II clinical studies with decitabine alone 14 or in combination with idarubicin, amsacrine or daunorubicin. 15, 16 The vosaroxin dose and schedule were selected from the phase II study of frontline vosaroxin in older AML patients.
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Methods
Patients' eligibility
Eligible patients were subjects ≥60 years of age with untreated AML or untreated high-risk MDS (intermediate-2 or high according to the International Prognostic Scoring System and ≥10% blasts) who were unsuitable for standard induction in the opinion of the treating physician. Non-suitability for induction chemotherapy was based on the predictive prognostic model for outcome in older patients with AML published by Kantarjian et al. 4 Patients with an Eastern Cooperative Oncology Group performance status ≤3; serum creatinine ≤2.0 mg/dL; serum bilirubin ≤2.0 mg/dL; serum transaminase ≤2.5 times the upper limit of the normal range or ≤5 times upper limit of the normal range if the transaminase elevation was deemed related to leukemic infiltration, were enrolled on the study. This was a single-center, open-label, non-randomized study. 
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Treatment regimen
The induction regimen included 5 days of decitabine at a dose of 20 mg/m 2 given intravenously (IV) over 60 to 90 min. The vosaroxin was initially administered at a dose of 90 mg/m 2 to 22 patients (patients #1-22) on days 1 and 4 ( Figure 1 ). Grade 3/4 mucositis was noted in five of these 22 (23%) patients, prompting a dose reduction of vosaroxin. The next 43 patients (patients #23-65) received vosaroxin 70 mg/m 2 on days 1 and 4. Patients underwent bone marrow aspiration on day 28 (±5) days. Patients whose day 28 bone marrow showed ≥5% blasts received re-induction with the same dose and schedule as the induction. Patients who did not achieve morphological remission (<5% blasts) at the end of course 1 had a repeat bone marrow examination at the end of course 2. Patients with a response or clinical benefit after one or two induction courses received post-induction therapy with up to five additional cycles of the combination with decitabine 20 mg/m 2 on days 1-5 and either vosaroxin 70 mg/m 2 on days 1 and 4 or a reduced dose of vosaroxin of 50 mg/m 2 or lower, based on response including minimal residual disease (MRD) status, toxicity, and count recovery. Post-induction cycles were repeated every 4-6 weeks, depending on count recovery and resolution of other toxicity. Bone marrow aspirations were repeated every three to four courses while on therapy. Patients who maintained a response (CR or CRp or CRi) at the end of post-induction therapy could receive maintenance with decitabine alone every 4-6 weeks for up to 24 additional cycles.
Baseline assessments
Pretreatment evaluations included complete history and physical examination, complete blood count with differential, a comprehensive biochemistry panel, pregnancy test and counseling, and bone marrow aspiration for histological, multiparametric flow-cytometric, cytogenetic analyses, and next-generation sequencing. Multiparametric flow-cytometry and cytogenetics were performed at our institution. 17, 18 A next-generation sequencing-based analysis for the detection of somatic mutations in the coding sequences of 28 genes was performed on DNA extracted from the bone marrow sample. The methodology of our mutation analysis panel and coverage by genes has been previously published 19 (Online Supplementary Table S1 ).
Response criteria and definitions
Responses were according to established criteria for AML and included the best response achieved on study.
20,21
Toxicity assessment
In the lead-in portion of the study, the safety and tolerable dose of the combination were assessed to identify the maximum tolerated doses. Six patients were to be treated in the lead-in portion. If clinically significant, drug-related grade 3-4 toxicity was observed during the first 28 days on therapy in one or none of six patients, this would define a safe schedule and the study would proceed to expansion. If study drug-related grade 3-4 toxicity was observed in two or more of six patients during the first 28 days, this dose would exceed the maximum tolerated dose, and a lower dose schedule would be investigated. The dosing algorithm is presented in Table 1 . The maximum tolerated dose was considered as the highest dose level at which fewer than two of six patients developed dose-limiting toxicity in the first 28 days on therapy.
In the phase II portion of the study, patients were monitored continuously for toxicity. 22 We denoted the probability of toxicity by θ E , where toxicity was defined as any clinically significant grade 3 or 4 non-hematologic toxic effect or death, according to the Common Terminology Criteria for Adverse Events version 4.0, attributable to the study drug. We assumed non-informative toxicity prior of beta θ E~ beta (0.3, 1.7). The stopping rule was given by the following probability statement: P (θ E >0.15 | data) >0.90. That is, we would stop the trial if, at any time during the study, we determined that there was a more than 90% chance that the toxicity rate would be greater than 15%.
Statistical methods
The expected response rate with single-agent decitabine in this population of patients is 18-40%. 7, 14 Under a null hypothesis of 40% with decitabine alone, a sample size of 59 patients would have more than 80% power to detect a difference between a response rate of 60% for the combination of vosaroxin and decitabine and the null response rate using a one-sample exact binomial test with a two-sided alpha of 0.05.
In the expansion phase of the study, patients were monitored continuously for futility. The ORR was assumed to follow a noninformative prior of beta (1.2, 0.8). The stopping boundaries for ORR were that if, at any time during the study, we determined that there was a less than 2.5% chance that the ORR was greater than 60%, we would terminate the study. 22 Differences among variables were evaluated by the chi-square test (or Fisher exact test for cell frequencies <5) for categorical variables and t-test or Wilcoxon-Mann-Whitney test for continuous variables. Survival distributions were estimated using KaplanMeier methods and compared using the log-rank test. 23 All P values were two-sided and P<0.05 was considered statistically significant. Statistical analyses were carried out using IBM SPSS Statistics 21 for Windows (SPSS Inc., Chicago, IL, USA).
Results
Patients' characteristics
The first six patients in the lead-in portion were treated at dose level 0 (Table 1) , receiving decitabine 20 mg/m 2 on days 1-5 and vosaroxin 90 mg/m 2 on days 1 and 4. There were no documented dose-limiting toxicities during the first 28 days in the first six patients and the study opened broadly for expansion at this dose. In the expansion phase 16 additional patients received the combination with vosaroxin 90 mg/m 2 on days 1 and 4 and grade 3/4 mucositis was noted in five of these 16 patients (31%). The high incidence of mucositis prompted amendment of the protocol to reduce the vosaroxin dose to 70 mg/m 2 on days 1 and 4. The subsequent 43 patients (patients #23-65) received decitabine 20 mg/m 2 on days 1-5 and vosaroxin at a dose of 70 mg/m 2 on days 1 and 4. The median age of the patients was 69 years (range, 60-78) and 40% of them were older than 70 years of age. Their pre-treatment clinical characteristics are summarized in Table 2 . Fifty-eight patients (89%) had AML and seven had MDS. One-third (35%) of the patients had complex cytogenetics. A clinically validated next-generation sequencing-based analysis was performed in 63 of the Vosaroxin and decitabine in older AML patients haematologica | 2017; 102(10) 
Response to therapy
All 65 patients are evaluable for response. The ORR among the 65 patients was 74%, including 31 CR (48%), 11 CRp (17%), and six CRi (9%). The median number of cycles to response was one (range, 1-4). Ten patients (15%) were primary refractory. Deaths were documented in one (2%) and nine (14%) patients at 4 and 8 weeks, respectively. MRD was assessed by multiplanar flow cytometry at the time of response (± 3 months) in 39 of the 48 responders (81%) including 25 of the 32 (78%) responders at the 70 mg/m 2 dose and 14 of the 16 (88%) responders at the 90 mg/m 2 dose. MRD was not detectable in 21 of the 39 (54%) patients evaluated.
We assessed response by patient's age at enrollment, baseline cytogenetics and molecular profile ( Table 3 ). The response rates were not significantly different among patients 60-74 years of age and those ≥75 years of age. Patients with an adverse karyotype (including complex karyotype and abnormalities of chromosome 5 and/or 7) at baseline had a response rate of 65%, as compared to 79% in patients with diploid or other non-adverse karyotype. The response rate among the 13 patients with mutated TP53 was 77%. Three patients had been given prior hypomethylating agent (HMA) therapy for MDS or MDS/myeloproliferative neoplasm and went on to receive decitabine with vosaroxin at the time of progression to AML. Two of the three achieved a response (1 CRp and 1 CRi) indicating that the response rate in patients previously treated with HMA was comparable to that in the entire study population.
We compared the outcomes of the 22 patients (patients 1 Table 4 ). The 8-week mortality was lower with the lower dose of vosaroxin (23% versus 9%; P=0.14) and the response rates were similar (ORR = 73% versus 74%, CR = 41% versus 51%; P=0.435). Of note, a higher proportion of patients required more than one cycle of induction to achieve a response with the 70 mg/m 2 dose, with 19 (59%) achieving a response after one course, nine (28%) after two courses, and four (13%) after three courses. Among the 16 responders at the 90 mg/m 2 induction dose, 13 (81%) achieved a response after one course, one (6%) after two courses, and two (13%) after three courses. Individual patient's response status, survival, and disposition of the 48 responders are provided in a swim plot (Online Supplementary Figure S1) .
A number of patients who were not considered to be transplant candidates at the time of induction had improvement in their physical condition after achieving remission and could be considered for an allogeneic stem cell transplant (ASCT). Twelve patients proceeded to ASCT, including two of 16 (13%) responders given the vosaroxin 90 mg/m 2 dose and ten of 32 (31%) responders on the vosaroxin 70 mg/m 2 dose. The median time from the start of therapy to ASCT was 3.9 months (range, 1.8 - 
Remission duration and survival
With a median follow up of 17.5 months (range, 3.6-34.2), 23 patients are alive and nine are in remission. The median OS for all 65 patients is 9.8 months (range, 0.7 -34.2) with 1-year and 2-year OS rates of 39% and 32%, respectively ( Figure 1A) . The median OS censored for patients who underwent ASCT was 10.9 months (range, 0.7 -34.2) with 1-year and 2-year censored OS rates of 42% and 32%, respectively ( Figure 1B) .
Of interest, patients treated with the 70 mg/m 2 dose of vosaroxin at induction had a significantly longer median OS than those treated with the 90 mg/m 2 dose (14.6 months versus 5.5 months, P=0.007) (Figure 2A Patients with complex cytogenetics had a shorter median OS than those with diploid or miscellaneous cytogenetics (5.7 months versus 34.0 months versus 9.8 months, P=0.003) ( Figure 3A ). Patients treated with vosaroxin 70 mg/m 2 with complex cytogenetics had a median OS of 6.6 months and this remained inferior to that of patients with diploid or miscellaneous cytogenetics treated at the same dose (6.6 months versus median not reached, P=0.011) ( Figure 3B ). The patients with TP53 mutations (n=13) had a median OS of 5.7 months as compared to a median OS of 11.2 months in patients without a TP53 mutation (n=51) (P=0.01). Patients with TP53 mutations who were treated with the 70 mg/m 2 induction dose of vosaroxin (n=7) had a median OS of 7.2 months compared to the 1.8 months of those treated with the 90 mg/m 2 dose (n=6) (P=0.03) ( Figure 3C ). Three patients had received prior HMA therapy for MDS and were enrolled on decitabine and vosaroxin at progression to AML. The median OS of these three patients was 4.4 months which is significantly shorter than the median OS of 9.8 months achieved in the entire study population, although the number for comparison is small.
The median numbers of decitabine + vosaroxin cycles received by the 48 responders (CR/CRp/CRi) and the 17 non-responders were three (range, 1 -7) and one (range, 1 -3), respectively. The median numbers of cycles received by patients who achieved CR, CRp, and CRi were four (range, 2 -7), three (range, 1 -6), and two (range, 1 -3), respectively.
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To evaluate the impact of the number of cycles of decitabine and vosaroxin among the 48 responders (CR/CRp/CRi) we analyzed OS according to whether the patients received more or less than the median number of cycles of the combination (median number of cycles of decitabine and vosaroxin in the 48 responders was 3). The median OS was significantly shorter in responders who received three or fewer cycles of the combination than in responders who received four or more cycles of the combination (6 months versus 34 months, P<0.001) .
We performed the same analysis among the 31 patients who achieved a CR (median number of cycles of decitabine and vosaroxin in the 31 CR patients was 4). The median OS was significantly shorter in patients with CR who received four or fewer cycles of the combination than in responders who received five or more cycles of the combination (6 months versus 34 months, P<0.001).
Minimal residual disease at response
Responders who achieved MRD-negative status at the time of their response (± 3 months) had a significantly longer OS than those who remained MRD-positive at response (34.0 months versus 8.3 months, P=0.023). Thirteen of 25 (52%) evaluable responders treated at the 70 mg/m 2 dose achieved MRD-negative status at response and had a significantly improved survival as compared to those who remained MRD-positive (median not reached versus 7.6 months, P=0.006). Eight of 14 (57%) evaluable responders treated at the 90 mg/m 2 dose achieved MRDnegative status at response but this was not associated with improved survival (6.9 versus 8.3 months, P=0.81) (Figure 4A-C) . We compared baseline clinical characteristics (age, vosaroxin induction dose, de novo/secondary AML, cytogenetic group, bone marrow blasts, platelet count, mutated/non-mutated TP53) among responders with MRD evaluable at response to see whether any influenced the achievement of MRD-negative status (Online Supplementary Table S2 ). None of the baseline features was predictive for achievement of MRD negativity.
The patients who achieved CR had a longer overall survival than the patients who achieved CRp or CRi (18.3 months versus 9.8 months versus 4.4 months, P=0.023) (Online Supplementary Figures S2 and S3 ).
Safety and tolerability
The most common drug-related toxicity was mucositis haematologica | 2017; 102(10) Most of these were grade 1/2 events and resolved. The rate and distribution of infectious complications were as expected for elderly AML patients receiving an induction regimen.
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Seven of the 12 (58%) patients who underwent ASCT have died from bone marrow relapse (n=3), central nervous system relapse (n=1) and post-transplant infections (n=3; all 3 died in CR). Forty-two of the 65 (65%) enrolled patients have died by the time of making this report. The causes/timing of death were induction-related (within 8 weeks) in nine (21%) cases, relapsed/refractory AML in 22 (52%), post-transplant in seven (17%), infection while in CR/CRp/CRi in two (5%), and unknown (death after leaving MD Anderson) in another two (5%). Of the 13 patients with mutated TP53 treated on the trial, one remains alive. The causes/timing of death in the remaining 12 were induction-related (within 8 weeks) in three (25%) cases, relapsed/refractory AML in six (50%), posttransplant in two (17%), and unknown in one.
Discussion
The initial 22 patients on our study received vosaroxin at the induction dose of 90 mg/m 2 on days 1 and 4. We observed a high incidence of mucositis and early mortality (8-week mortality rate, 23%) from neutropenic infections likely related to mucositis. The 70 mg/m 2 dose was then evaluated in the subsequent 43 patients with a reduction in the incidence of overall mucositis and early mortality (8-week mortality rate, 9%). This led to an improved OS in the cohort treated with the 70 mg/m 2 dose. Older patients with AML more frequently have an antecedent hematologic disorder, unfavorable cytogenetics, and poorer performance status at presentation. 4, 5 As a result, the outcomes of elderly patients with AML has not improved significantly over the last four decades. 3, 24, 25 Overall, standard induction regimens can achieve CR/CRp rates of 45-50%, median survival of 4-9 months with an 8-week mortality rate of up to 30%. [4] [5] [6] 10 These dismal outcomes have resulted in a shift over the last decade to lower intensity strategies such as HMA or low-dose cytarabine in Europe and the USA. Phase II and III trials of decitabine in elderly patients with AML have shown CR/CRp rates of 18-25% with median survival of 7-8 months and 60-day mortality rates of 10-18%. 7, 14 In the DACO-016 trial the response rate, median survival, and 60-day mortality in the low-dose cytarabine or supportive care comparator arm were inferior to those in the decitabine arm. In an effort to 
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further improve outcomes, decitabine was administered at a dose of 20 mg/m 2 in an extended 10-day regimen with a reported CR/ CRi rate of 64%, 8-week mortality of 15%, and median OS of 13.7 months. 26 However, these superior outcomes have not been reproduced. In a randomized trial of azacytidine versus standard of care in 488 older patients (age ≥65 years) with AML, a response rate of 27.8% and a median survival of 10.9 months were reported for azacytidine 27 as compared to 25.1% and 6.5 months, respectively for the control arm. The 74% response rate among the patients treated on this trial does, therefore, compare favorably to those achieved with intensive chemotherapy, single-agent decitabine in a 5-day or 10-day dose regimen, or azacytidine in older patients with AML. 4, [25] [26] [27] [28] Although the median OS of 9.8 months for all patients in this study is similar to that which has been achieved with intensive chemotherapy or HMA, the 70 mg/m 2 dose of vosaroxin at induction produced a clearly improved, encouraging median survival (14.6 months).
The reported incidences of adverse karyotype and TP53 mutations in older patients with newly diagnosed AML are 20-25% and 5-10%, respectively. [29] [30] [31] [32] Typically, patients with these characteristics are resistant to standard cytotoxic therapy, having remission rates of 32-36% and a median survival of 4 -7 months with standard therapies. [33] [34] [35] Welch et al. treated 114 patients (88 with AML and 26 with MDS) with a 10-day regimen of decitabine in monthly cycles and reported high rates of morphological remission (46%). They specifically noted higher response rates among patients with an unfavorable cytogenetic profile than among those with intermediate-or favorable-cytogenetic profiles (67% versus 37%; P<0.001) and among patients with TP53 mutations as compared to those without TP53 mutations (100% versus 41%; P<0.001). 36 The patients in our trial had poor prognostic factors with 35% having an adverse karyotype and 20% having TP53 mutations. A potential benefit of vosaroxin is its ability to induce apoptosis independently of TP53 function. In this trial, we noted ORR of 65% and 77% among patients with an adverse karyotype and mutated TP53, respectively. In contrast to the findings of Welch et al., the response rates in TP53 mutated patients were similar to but not better than the ORR of 74% for our entire group. In spite of the improved response rate, the median OS for TP53 mutated patients was <6 months with the major reason for poor OS among these patients being relapsed/refractory disease. In summary we believe that both our data and those from Welch et al. support the use of HMA-based therapies for patients with complex cytogenetic abnormalities and TP53 mutations, at least to achieve an initial response. However, further approaches including incorporation of novel agents may be needed to significantly improve the survival in this high-risk population.
Three patients had received prior therapy with HMA. Two of these three patients had a response, but their OS was significantly shorter than that of the other patients. In summary, as has been well described in the past, patients who progressed to AML after having received treatment with HMA had a worse outcome than those who had not received prior HMA therapy, although the numbers are small.
MRD status has emerged as a very important prognostic factor for long-term outcomes in AML patients treated with cytotoxic induction. 17, [37] [38] [39] This was one of the first trials to monitor MRD status and correlate it with outcome in patients treated with hypomethylator-based therapies. A multicolor flow cytometric immunophenotype for detecting MRD in AML was used in this trial. The methodology of MRD detection used at our institution has been previously published. 17, 18 MRD at remission was evaluated in 81% of the patients who achieved remission. Half of the patients became MRD negative at the time of achieving remission and achieving MRD negativity was associated with a significantly improved OS.
In conclusion the combination of vosaroxin with decitabine achieves a higher response rate with an equivalent 8-week mortality to that expected with decitabine or azacytidine alone. Patients treated with the 70 mg/m 2 regimen had a median survival of 14.6 months and 51% were alive at 1 year. Prospective randomized trials to compare vosaroxin with decitabine to existing regimens in newly diagnosed older patients with AML are encouraged. 
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